Key words: taste --development --glossopharyngeal nerve --chorda tympani nerve --taste bud To learn whether there are developmental changes in salt and acid taste responses from the posterior tongue, we recorded from the glossopharyngeal nerve, which innervates taste buds in circumvallate papillae, in sheep fetuses, lambs and adults. Multifiber responses to NH4CI, KCI, NaCI, LiC1, citric and hydrochloric acids were expressed as ratios, relative to responses for two standard chemicals, NH4C1 and KCI. Response ratios for NaCI and LiCI, relative to either standard, increased during development, but the magnitude of the change was small. KCI elicited very large magnitude responses, relative to NH4CI, in the youngest fetuses, and then decreased by 50% in stimulating effectiveness. Relative responses to both acids also decreased developmentally. The general shapes of KCI response-concentration functions did not change throughout development; however, in the youngest fetuses, the NH4CI response-concentration function was not similar to that in older animals. These developmental changes are different than those for responses from anterior tongue taste buds recorded from the chorda tympani nerve. Anterior tongue responses to NaCI and LiCI change most substantially and those to KCI change very little; acid responses do not change. The developmental differences for anterior versus posterior tongue responses suggest that membrane composition and maturational changes of taste buds in the two locations are not the same. Response-concentration functions from both tongue areas support the proposition that specific membrane components interacting with various salts are added during development.
INTRODUCTION
During development there are substantial changes in neurophysiological responses from the chorda tympani nerve, which innervates taste buds on the anterior tongue 13.16.1725. In both rat and sheep, responses to NaCI and LiC1 are of very small magnitude in early development and progressively increase relative to other salts, acids and sucrose. Thus, the typical, large magnitude response to NaCI and LiC1 from the anterior tongue is not present during early formation of the taste system, but gradually appears throughout development.
When NaC1 and LiC1 are used to stimulate taste buds in circumvallate papillae on the posterior tongue of adult mammals, however, large magnitude responses are not generally elicited relative to other chemicals 1.14.26.29,3°. To attain these different adult response characteristics, a different set of developmental changes might be expected from the posterior tongue. Therefore, to collect such comparative data, we recorded responses to salts and acids from the glossopharyngeal nerve, which innervates taste buds in circumvallate papillae, in sheep fetuses, lambs and adults. Chemical stimuli and experimental age groups were selected to permit direct comparison with chorda tympani nerve responses from taste buds on the anterior tongue 25.
METHODS

Animals and surgical preparation
Sheep in 5 age groups were studied: (a) 110 days of gestation, included 10 fetuses aged 107-113 days of gestation (term = 147 days); (b) 130 days of gestation, included 9 fetuses aged 126-132 days of gestation; (c) perinatal, 10 animals aged 142 days of gestation to 7 postnatal days; (d) lamb, 10 lambs aged 33-86 days postnatal; (e) adult, 6 ewes aged 2-4 years. Adults and lambs were anesthetized with an intravenous injection of sodium pentobarbital (30 mg/kg for adults; 20--25 mg/kg for lambs), were tracheotomized and given supplemental 0 2 (1.5-2.5 liters/min). An indwelling catheter was placed in the jugular vein for subsequent anesthetic administration. Fetuses (anesthetized via the pregnant ewe) were delivered onto a table at the ewe's side, and wrapped with a heating pad l~J. The umbilical and placental circulation remained intact. Rectal temperature was monitored continuously.
Electrophysiology
The fetal, lamb or adult mouth was incised to expose the entire, lateral field of 20-30 circumvallate papillae for stimulation on the recording side. The animal's head was then positioned in a holder, and the glossopharyngeal nerve was dissected by a lateral approach through the cheek and angle of the mandible. The glossopharyngeal was located just beneath the hyoid bone. which was partially removed. The nerve was cut centrally, dissected, desheathed, and divided into small, naturally occurring bundles.
A discrete bundle of nerve fibers was placed on a platinum recording electrode with a reference electrode in nearby tissues. It was not possible to record from the entire glossopharyngeal nerve at once and obtain a good signal-to-noise ratio. Therefore responses were recorded systematically from each bundle of the nerve to ensure that activity from the entire population of posterior tongue taste buds was studied. Neural activity was recorded using a preamplifier, oscilloscope and audiomonitor, stored on magnetic tape, and then passed through a full-wave rectifier and smoothing circuit with a time constant of 0.5 s 3. The integrated neural activity was monitored with a rectilinear pen recorder.
Stimuli
Taste stimuli were 0.5 M solutions of reagent grade NH~CI, KCI, NaCI and LiCI, 0.1 M citric acid and 0.01 N HCI, dissolved in distilled water. Concentration series (0.10-1.00 M) of NH4CI and KC1 were also used. It was essential to warm stimuli to tongue surface temperature (38.5 °C) to obtain stable neurophysiological responses. Room temperature stimuli cooled the tongue and elicited temperature responses2~'.2'~,30; these responses changed as the solutions gradually warmed to tongue temperature and therefore produced a fluctuating baseline.
Salt stimuli were applied before acids but the order of salt stimulation was varied. One salt (either NH4CI or KCI) was applied periodically to monitor response reproducibility. If responses to these repeated stimuli varied by more than 15%, data were not included for analysis. All stimuli were applied at least twice.
Twenty ml of each stimulus were flowed on the entire field of circumvallate papillae from syringes. Taste responses were readily elicited in this manner and no additional procedures were needed for stimulation. After 20--40 s, the stimulus was rinsed from the tongue with distilled water (38.5 °C). At least 40 s then elapsed before application of another stimulus.
Data analysis
Integrated records of multifiber giossopharyngeal nerve responses were composed of an initial phasic component that gradually adapted to a lower magnitude of neural response. The magnitude of the phasic component is related to stimulus application duration and flow rate 21,27, to the tactile component of stimulus application, and to the chemical stimulus per se. The tactile response from the glossopharyngeal nerve is especially large, as others have describedl,6,7.1~; therefore to exclude that portion of the response related to variables other than taste, we measured responses at 20 s after stimulus onset. This enabled us to compare our data directly with responses from anterior tongue 25 and with published data on taste responses from adults of other species4. 5,13.16. In order to compare integrated response magnitudes among different animals, it is essential to calculate relative response ratios for each experiment rather than use comparisons of absolute response magnitudes 4. For each animal, we calculated the ratio of every response relative to a 'standard' response. Therefore, a response equal to that elicited during stimulation of the tongue with the standard would have a ratio of 1.00.
Ideally 
Histology
Circumvallate papillae from 4 fetuses at 110 days of gestation and 4 adults were prepared for scanning electron or light microscopy. Fetuses were perfused through the heart and adults through the carotid arteries with Karnovsky's formaldehyde-glutaraldehyde fixative buffered with sodium cacodylate. Several individual circumvallate papillae were dissected from the tongue and post-fixed. For light microscopy, tissues were embedded in paraffin, serially sectioned at II Fig. 1 . A and B: scanning electron micrographs of circumvallate papillae from the posterior tongue of fetuses at 110 days of gestation (100x). Various papilla shapes are observed and frequently more than one papilla share a lateral wall. C: light micrograph of a circumvallate papilla from a ll0-day fetus (250x). Taste buds are apparent on the superficial and lateral walls of the papilla. Von Ebner's glands are present at the papilla base. D: light micrograph of a papilla from an adult sheep (50×). Taste buds are found in the lateral papilla walls only.
15/am and stained with hematoxylin and eosin. For scanning electron microscopy, tissues were dehydrated in ethanol, prepared with critical point drying, and coated with gold palladium.
RESULTS
Posterior tongue taste buds
Taste buds are located in 20-30 circumvallate papillae on each lateral edge of the posterior tongue in sheep. Foliate papillae are not observed in sheep or in cow, another ruminant8,12. The circumvallate papillae are of various shapes and often more than one papilla apparently share a surrounding epithelial wall ( Fig. 1A and B). At 110 days of gestation the papillae and associated von Ebner's glands are well-developed (Fig. 1C ). Taste buds in fetuses and older animals are found in the wall of the papilla only, not in the adjacent epithelial wall. About 45-80 taste buds are found per papilla in the 110 day fetus, and some of these buds are located in the superficial epithelium covering the papilla (Fig. 1C) . In adults, 50-200 taste buds are found per papilla, located in the lateral epithelium only (Fig. 1D) . Therefore, the total number of posterior tongue taste buds increases from fetal to adult ages.
Responses to 0.5 M salts
Integrated responses from one animal in each age group illustrate general neurophysiological response characteristics (Fig. 2 ). NaC1 and LiCI elicited the smallest response magnitudes throughout development compared to NH4CI or KCI. KCI elicited a very large response in 110 days fetuses and was the most effective salt stimulus at this age. The maximum effectiveness of KCI as a salt stimulus at 110 days was consistent throughout all nerve bundles and fetuses studied, except in one fetus with a large NHaCI response that exceeded that of KCI.
By 130 days of gestation, KC1 and NH4CI had reversed in order of stimulating effectiveness (Fig. 2) . NH4CI elicited the largest response and this order was maintained in perinatal animals, lambs and adults.
To quantify changes in salt taste responses, average ratios for each salt and age group were plotted ( Fig. 3 ) and studied with analysis of variance. Relative to NH4CI, KC1 decreased in effectiveness during development (F4.44 = 15.81, P < 0.0001). The decrease was so substantial that KCI, which was almost twice as effective as NH4CI at 110 days, was about half as effective in lambs and adults. Pairwise comparisons between individual age groups (Scheff~ allowances) indicated that the ll0-day fetal ratio was different from every other group (P <0.0001) and the
Adult NH 4 Na Li NH 4 K Na . Top: mean response ratios and standard deviations for KCI, NaC1 and LiCI, relative to NH4CI, recorded from the glossopharyngeal nerve in fetuses (110 and 130 days of gestation, and perinatal), lambs and adults. For each salt, a response equal in magnitude to that elicited by NH4CI yields a ratio of 1.00. KCI response ratios decrease substantially during development, whereas NaCI and LiCI ratios increase slightly. Bottom: data from a previous study on chorda tympani nerve responses 25. When recording from the anterior tongue, KCI ratios decreased only slightly during development, whereas NaCI and LiCI ratios increased greatly. Note the differences in scales for glossopharyngeal and chorda tympani nerve response ratios.
130-day versus lamb groups were different (P = 0.05). No other pairs of age groups were significantly different. Therefore the decrease in KC1 response, relative to NHaC1 , takes place prenatally and does not continue after birth.
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There were also changes in responses to NaCI and LiC1 (Fig. 3) , which increased relative to NH4C1 (NaCI: F4,44 = 4.20, P = 0.006; LiCI: F4.44 = 7.18, P = 0.0002). Pairwise comparisons between groups for NaC1 and LiCI indicated differences between some prenatal groups and between some postnatal groups (NaCI: 130-day versus perinatal; perinatal versus lamb and adult; lamb versus adult; LiCI: 110 versus 130-day; 130-day versus perinatal; perinatal versus lamb and adult; all P values < 0.05). Therefore the increase in relative ratios apparently continues after birth.
Comparison of anterior and posterior tongue responses
In Fig. 3 , the salt ratios for glossopharyngeal nerve responses are compared with those for chorda tympani nerve responses from anterior tongue taste buds reported in a previous study 25 . Whereas the greatest posterior tongue change is for KCI/NHaCI ratios, the NaC1 and LiCI/NH4C1 ratios alter most substantially for anterior tongue. Thus, developmental changes in salt responses for taste buds on front and back of tongue are different.
When chemical responses are calculated relative to a standard and a developmental change is observed, it is not clear whether the response to the standard, or to the other chemical is changing. Therefore, to learn whether use of another standard chemical would alter general conclusions, we recalculated salt ratios for both glossopharyngeal and chorda tympani nerves, relative to the KCI response (Fig. 4) . The extent of increase in NaCI and LiC1 responses from the glossopharyngeal nerve was enhanced, when compared to the KCI standard (NaCI: F4,44 = 9.52, P< 0.0001; LiCI: F4,44 = 14.92, P < 0.0001). There was also an increase in NHaC1 responses from posterior tongue, relative to KCI (F4.44 = 9.96, P < 0.0001). Pairwise comparisons between age groups for each of the 3 salts demonstrated a significant difference between the ll0-day fetal and all other age groups, and also between lamb and perinatal or adult age groups (P < 0.05); therefore, postnatal changes occur as well as prenatal.
When chorda tympani salt responses were recalculated relative to KCI (Fig. 4) , significant increases in NaCI (F4,41 = 22.21, P < 0.0001) and LiC! (F4.41 = 19.56, P < 0.0001) ratios were still observed, as they For each salt, a response equal in magnitude to that elicited by KCI yields a ratio of 1.00. Using KCI as a standard for posterior tongue responses emphasizes the relative increases in NaCI and LiCI responses during development. Bottom: data from a previous study on chorda tympani nerve responses 25, reanalyzed relative to KCI. NaCI and LiCI responses increase relative to KCI, as when referred to the NH4CI standard. The average NH4CI response ratio for the perinatal group is greater than that for each of the other ages, but no other group differences are observed.
were for responses relative to the NH4CI standard.
Ratios for NH4CI/KCI changed also (F4,41 = 3.14, P = 0.03), although it is important to note that the F value is small and variances were not equal among age groups. Pairwise comparisons demonstrated that only the high perinatal ratio differed from other age groups, including ll0-day, 130-day and lamb (Fig. 4) . Thus the overall change relates to the very high perinatal ratio. 
Responses to citric and hydrochloric acids
Average ratios for responses to two acids, relative to NH4C1, were analyzed (Fig. 5) . Relative responses from the glossopharyngeal nerve for both citric and hydrochloric acid decreased during development (F4,29 = 3.34, P = 0.025; F4,27 -2.99, P = 0.04, respectively). Pairwise comparisons demonstrated that for citric acid, the 110 day fetal group differed from perinatal, lamb and adult groups (P < 0.05). For HC1, 110 day fetuses differed from lambs (P = 0.01), and perinatal animals differed from lambs and adults (P< 0.05). Therefore changes in citric acid ratios take place prenatally, whereas for HC1, changes are pre-and postnatal. Chorda tympani nerve responses to citric and hydrochloric acids were studied in fewer animals (Fig. 5) ; however, data indicate that there are no developmental changes in acid responses recorded from anterior tongue (citric acid: F3,13 = 1.38, P = 0.31; HCI: F3,I3 = 0.99, P = 0.43). Thus anterior and posterior tongue taste buds apparently respond differently to these acids during development.
Response--concentration functions for salts
Responses to 0.10-0.75 M KCI and NH4C1 were studied at different ages. In all age groups, responses to KC1 were of small magnitude at 0.10 and 0.15 M, and were still increasing in magnitude at 0.75 M (Fig. 6) . Although 1.00 M KCI was not applied to the tongue frequently, when used as a stimulus it elicited a larger response than 0.75 M (Fig. 6) . To learn whether the general shapes of these functions changed during development, data were plotted on linear and semilog graphs (Fig. 7A and B) . Study of these functions with repeated measures of analysis of variance (Fig. 7A) indicated that the curves were parallel across age groups (F4.12 = 1.59, P = 0.12). When slopes of the semilog functions (Fig. 7B) were compared with analysis of covariance, all 5 were parallel (F4.]27 = 0.37, P = 0.48). Therefore, for any given change in concentration, there is a proportionate change in response at all ages.
NH4CI response-concentration functions were similar to those for KCI in two ways. Small response magnitudes were obtained at 0.10 and 0.15 M, and responses were increasing still at 0.75 M (Fig. 8) . Data were available for all ages except adult, and the functions were plotted on linear and semilog graphs for analysis (Figs. 9A and B) . Analysis of the data with repeated measures of analysis of variance (Fig. 9A ) indicated that slopes changed during development (F9,66 = 3.03, P = 0.004). Also, analysis of covariance of the semilog functions (Fig. 9B) indicated that slopes were not parallel (F3.115 = 4.40, P = 0.006) and multiple comparisons demonstrated that the slope at 110 days of gestation differed from all others (P = 0.003). Therefore concentration ranges of NH4CI elicited different developmental responses. For a given change in concentration, responses in young fetuses did not increase as much as in older animals; the curves were flattened at higher concentrations.
The NH4C1 response-concentration data coupled with NH4CI/KCI ratio data in Fig. 4 indicate that not only is the KC1 response decreasing developmentally, but also the NH4CI response is increasing. Therefore the high KC1/NH4CI ratios in ll0-day fetuses (Fig. 3) reflect these parallel changes in responses to the two salts.
Functions for chorda tympani nerve responses to concentration ranges of KCI and NHaCI were available for perinatal, lamb and adult age groups only 25. Therefore we recorded from the chorda tympani nerve in 17 fetuses at 110 and 130 days of gestation. Linear plots for KC1 and NH4CI are presented in Fig. 10A and B for fetal, lamb and adult groups. Analysis of the linear functions with repeated measures of analysis of variance indicated no change in shapes of the curves for KCI (F9,45 = 1.32, P = 0.36), and slopes of semilog functions were parallel, also with analysis of covariance (F3,sl = 1.21, P = 0.31 ).
NH4C1 response-concentration functions changed during development, however. Shapes of linear functions were not similar (F12,6() = 4.27, P = 0.0001) nor were slopes of semilog functions (F4,117 = 2.13, P = 0.08). Slopes at 110 and 130 days of gestation were different from other ages (P = 0.007 and 0.06, respectively). As seen in Fig. 10B , at the highest NHaC1 concentration, responses in 110-and 130-day fetuses decreased in magnitude. For other age groups the response-concentration functions had not yet plateaued at 0.75 M. Thus, for both anterior and posterior tongue taste buds, there are developmental changes in responses to NH4CI but not KC1 over the concentration range studied.
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DISCUSSION
Responses to salts and acids from taste buds in circumvallate papillae on the posterior tongue change during development in sheep. However, these changes differ from those for anterior tongue taste buds. For example, KCI/NH4C1 ratios for glossopharyngeal nerve responses change substantially during prenatal development. KC1 is nearly twice as effective as NH4C1 in young fetuses, but in adults it is much less effective. In contast, KC1/NH4CI ratios from the chorda tympani nerve alter only slightly during development 25. Furthermore, whereas NaCI and LiC1 relative responses increase by at least 5 times for anterior tongue, the increase is much less substantial for posterior tongue.
Responses to acid stimulation also differ between anterior and posterior tongue. There is a developmental decrease in the responses to citric and hydrochloric acids recorded from taste buds in circumvallate papillae. Acid responses from anterior tongue taste buds do not change during development.
Differences in salt and acid response ratios recorded from the peripheral innervation of taste buds on the anterior and posterior tongue demonstrate that developmental changes in taste responses cannot be attributed to some general epithelial characteristic. We have suggested that altering taste membrane composition accounts for changes in responses during development 25. Since different changes take place for posterior and anterior tongue, there must be different proportions of membrane components maximally responsive to the several taste stimuli at various times in development.
Taste buds are added in circumvallate papillae on the back of the tongue prenatally and postnatally, just as they are in fungiform papillae on anterior tongue 9.~0. If the membrane composition of cells in newly-formed taste buds is different from that of cells in established taste buds, then altering taste responses would be predicted during development. Changing membrane composition characterizes other developing tissues 19, and is therefore not unexpected in the taste system.
One possible change in membrane characteristics is addition of 'sites' or specific membrane components that interact with the various salts. For example, Beidler 4 has presented data to demonstrate that NaCI and LiCI interact with one set of receptor sites on the taste membrane, whereas NH4C1 and KCI interact with two different, independent sets of sites with very different binding constants. It is known that NaCI and LiCI taste 'salty', whereas NH4C1 and KC1 have bitter and sour taste components as well as salty 22, 28 . Developmental responses to monochloride salts recorded from the glossopharyngeal and chorda tympani nerves indicate a similarity between NaC1 and LiCI as stimuli, and a difference among NH~CI, KC1 and the other salts. Based on chorda tympani nerve responses, we had proposed that the two sets of sites for NH4CI and KCI may form at different times in development, so that these salts initially interact with 'sour' receptor components and later with sour and 'salty' components 25. Developmental changes in responses to salts and acids from the posterior tongue support this proposal; that is, early in development, NH~CI, KCI, citric and hydrochloric acid are very effective stimuli. NaC1 and LiCI are not very effective during early development and only later do they elicit substantial response magnitudes.
If receptor sites are added in type or number during development, then some change in responseconcentration functions is expected. For both KCI and NH4CI, inspection of the average curves in Figs. 7A and 9A illustrates that the glossopharyngeal nerve functions may asymptote at lower concentrations in 110-and 130-day fetuses than in older animals. A plateau at lower concentrations would be predicted if fewer sites were available for interaction with K or NH4 cations. However, when slopes of these functions were analyzed, an age-related difference was found for NH4C1 only. Similarly for chorda tympani nerve response-concentration functions, developmental changes were observed for NH4CI only (Fig. 10B) . However, KCI responses recorded from both nerves are still increasing in magnitude at 1.00 M in all age groups, so use of higher concentrations to accurately define where the curves do plateau is necessary. With higher concentrations it might become apparent that fetal curves plateau at concentrations where postnatal functions continue to climb.
Other developmental data associate NH4CI and KCI with acid stimuli. The pattern observed in glossopharyngeal nerve recordings for the developmental decrease in citric acid/NH4C1 response ratios is very similar to that for KCI/NH4CI ratios (Figs. 3 and  5) . In both instances the change is substantial and takes place prenatally only. In chorda tympani nerve recordings, there is only a slight developmental change in KC1/NH4CI response ratios, and citric acid/NH4CI ratios do not change at all. Therefore data from both anterior and posterior tongue suggest some similarity in citric acid and KC1 responses, relative to NH4C1. This cannot be due to pH of the two stimuli, since at the concentrations we used, the pH for citric acid is 2.20 and that for KC1 is 5.93. The pH of the standard chemical, 0.5 M NH4C1, is 5.12.
Single unit recordings could clarify whether integrated response changes during development relate to addition of specific fibers responding maximally to a particular stimulus, or to response frequency changes in an established set of fibers. In development of the rat taste system both sorts of changes occur ~v. But the question of receptor membrane alterations remains: are one or more receptor components being added, deleted or altered'? For our multiunit data, analysis of response-concentration functions and ratio calculations using two standard, reference chemicals suggest that NaCI and LiCI components are probably added or 'strengthened' during development. If such components also interact to some extent with NHaCI and KCI, response changes to these salts should occur also, as observed.
Development of neurophysiological taste responses and behavior
Our data on peripheral nerve responses from taste buds on anterior 25 and posterior tongue, and on central nervous system responses to anterior tongue stimulation 1t~24, predict that behavioral taste responses would change during prenatal and postnatal development. Neurophysiological data from rat peripheral 13,16,17 and centrall5 taste systems also predict that behavioral alterations would occur. Specifically, an early behavioral sensitivity to acids and to sour or bitter salts (NH4CI and KC1) is expected. Only later would comparable sensitivity to NaC1 be predicted. Indeed data from human studies suggest that infants are not very responsive to NaCI as a taste stimulus, whereas acids readily elicit responses2, z0. In his paper on bovine taste responses, Bernard 7 has referred to observations that calves do not discriminate between 0.09 M NaCI and water, whereas adult cows reject NaCI at this concentration. In preference tests, immature rats ingest much larger quantities of high NaCI concentrations than adults 23. These collective observations provide evidence that developmental changes in electrophysiological salt responses apparently have behavioral correlates in postnatal animals.
